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ABSTRACT 

A method i s  presented  f o r  c a l c u l a t i n g  t h e  s t a t i c  and t h e  dynamic 

s t i f f n e s s  and damping of t h e  o r i f i c e  r e s t r i c t e d ,  e x t e r n a l l y  p re s su r i zed  

s s ~  t h r u s t  bear ing .  

o r i f i ce s .  

Assuming t h e  v i b r a t o r y  ampli tude t o  be s m a l l  compared t o  t h e  c l e a r a n c e  

a f i n i t e  d i f f e r e n c e  procedure i s  used t o  s o l v e  Reynolds equa t ion  f o r  

the pressure developed i n  t h e  f i l m .  

~ r z d  g ives  t h e  r e s u l t s  i n  dimensionless  form as func t iohs  of 2 v a r i a b l e s  

(poss ib ly  3 v a r i a b l e s ) ,  namely flow parameters and a frequency number. 

!&& #?NZd!iWC &.!M 6&ai[#ddg acdlual le.8riimig cbta fromi the d3mensiionEes.a 

results i s  descr ibed .  

The bea r ing  is an annulus  and f ed  from i n d i v i d u a l  

The o r i f i c e s  are t r e a t e d  approximately as p o i n t  sou rces ,  

I 

A computer program has  been w r i t t e n  

, One numerical  example is given and compared t o  t h e  e a r l i e r  ob ta ined ,  

less a c c u r a t e  l i n e  source  s o l u t i o n .  As expected t h e  agreement is p e r -  

f e c t  f o r  choked o r i f i c e  flow but  t h e  d i f f e r e n c e  r a p i d l y  i n c r e a s e s  w i t h  

decreas ing  o r i f i c e  p re s su re  drop. It is u n c e r t a i n  how much of t h i s  

d i f f e rence  i s  due t o  an  a c t u a l  discrepancy and how much is  due t o  t h e  

a r b i t r a r i l y  s e l e c t e d  va lue  f o r  t h e  feeder  h o l e  d iameter .  Fu r the r  

ca l cu la t ions  are needed t o  clear up the problem. 

Final ly ,  i t  is  shown how t h e  reswits may be p re sen ted  i n  conc i se ,  

readily used des ign  c h a r t s  w i t h  a minimum number of graphs.  

indicated how t h e  c a l c u l a t i o n s  may b e  used t o  determine t h e  th re sho ld  

of i n s t a b i l i t y .  

It  i s  a l s o  

The report  inc ludes  i n s t r u c t i o n s  f o r  prepar ing  t h e  computer i n p u t  and 

i n p u t  forms. 

i 
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INTRODUCTION 

I n  eva lua t ing  t h e  performance of  t he  e x t e r n a l l y  p r e s s u r i z e d  bea r -  

i n g  the dynamic s t i f f n e s s  and damping p l ay  a n  important  r o l e ,  
term "dynamic" r e f e r s  t o  t h e  e f f e c t  of  v i b r a t o r y  frequency on t h e  

load car ry ing  capac i ty  of t h e  bear ing .  S ince  t h e  gas i s  compress ib le  

the gas f i lm  a c t s  as an a i r s p r i n g  which s t i f f e n s  as t h e  frequency i n -  

creases.  Furthermore, t h e  load  i s  n o t  completely i n  phase w i t h  the,  

amplitude s o  t h a t  damping a l s o  ex i s t s .  

The 

It is  the  purpose of t h e  p r e s e n t  r e p o r t  t o  e s t a b l i s h  t h e o r e t i c a l  

ana lys i s  f o r  t h e  c a l c u l a t i o n  of  t h i s  s t i f f n e s s  and damping. A pre-  

vious i n v e s t i g a t i o n  (Ref.1) analyzed t h e  dynamic performance o f  t h e  

hydros ta t ic  j o u r n a l  and t h r u s t  bear ing  assuming s u f f i c i e n t l y  many 

o r i f i c e s  t h a t  they may be represented  by a l i n e  sou rce .  

sen t  r e p o r t  on ly  t h e  annu la r  t h r u s t  b e a r i n g  i s  s t u d i e d  b u t  t h e  gas 

feeding is  now rep resen ted  more a c c u r a t e l y  by p o i n t  sou rces .  

methods are  a v a i l a b l e  f o r  such an a n a l y s i s  as desc r ibed  l a t e r .  

the present  s tudy  a numerical  s o l u t i o n  by f i n i t e  d i f f e r e n c e  c a l c u l a -  

t ions i s  chosen. Although t h i s  method is  only approximate from a 

purely mathematical  p o i n t  of  view ( e s p e c i a l l y  t h e  source  r ep resen -  

t a t i o n )  i t  i s  be l i eved  t o  resemble t h e  phys ica l  cond i t ions  as c l o s e l y  

as a more r e f i n e d  a n a l y s i s .  

I n  t h e  p r e -  

Seve ra l  

I n  

B r i e f l y ,  t h e  method is based upon t h e  compressible  Reynolds e q u a t i o n  

i n t e r p r e t e d  as t h e  c o n t i n u i t y  equat ion .  A t  t h e  meshpoint i n  t h e  

f i n i t e  d i f f e r e n c e  mesh, where t h e  sou rce  i s  l o c a t e d ,  t h e  e x t e r n a l  flow 

is  in t roduced .  S ince  t h e  meshpoint r e p r e s e n t s  a f i n i t e  a r e a  t h e  p r e s s u r e  

w i l l  have a f i n i t e  va lue  a t  the source.  This  d i f f e r s  from t h e  a c c u r a t e  

s o l u t i o n  where t h e  p r e s s u r e  is i n f i n i t e  a t  t h e  source .  Furthermore,  t h e  

non- l inea r  Reynolds equa t ion  i s  l i n e a r i z e d  by assuming s m a l l  ampl i tude  

and harmonic motion. No approximation i s  involved by t h e  l i n e a r i z a t i o n  

a s  long as only l i n e a r  s p r i n g  and damping c o e f f i c i e n t s  are d e s i r e d  and 

n o t  t h e  response  due t o  a f i n i t e  ampli tude.  



The report emphasizes the analysis and gives only numerical re- 
sults for one example which is compared to the line source solu- 
tion of Ref. 1. This comparison, however, furnishes some insight 

into the approximations involved in the line source solution and 

seems to give indications why the line feed solution will not al- 

ways give reliable answers. 

r ..- - -.I*=- - 
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DISCUSSION 

Approaching t h e  problem of t h e  dynamic load of t h e  s o u r c e  f ed  

hydros t a t i c  bea r ing  s e v e r a l  d i f f i c u l t i e s  a r i se .  There i s  f i r s t  

the problem of b e a r i n g  geometry. I n  t h i s  r e s p e c t  t h e  j o u r n a l  

bearing p resen t s  two a d d i t i o n a l  d i f f i c u l t i e s  n o t  e x i s t i n g  i n  t h e  

th rus t  bearing: a )  t h e  f i l m  thickness  i n  t h e  j o u r n a l  b e a r i n g  is  

not uniform, and b) t h e  p o i n t  sources  i n  t h e  j o u r n a l  b e a r i n g  

do not have t h e  same flow (source s t r e n g t h ) ,  r e q u i r i n g  t h e  s o l u -  

t i o n  of a s  many non- l inea r  a l g e b r a i c  equa t ions  as t h e r e  are  sources .  

Hence, i n  o rde r  t o  b r i n g  o u t  t h e  e s s e n t i a l  f e a t u r e s  more c l e a r l y  and 

t o  e s t a b l i s h  t h e  gene ra l  method of approach, it seems l o g i c a l  t o  

obtain t h e  s o l u t i o n  f o r  t h e  t h r u s t  b e a r i n g  b e f o r e  a t t e m p t i n g  t h e  

so lu t ion  of t h e  j o u r n a l  bea r ing .  Th i s  i s  t h e  purpose of t h e  p re -  

sent  r e p o r t .  

I 

The p re s su re  i n  t h e  gas f i l m  i s  given through Reynolds e q u a t i o n  

which is  a non- l inea r  pa r t i a l  d i f f e r e n t i a l  e q u a t i o n ,  see Eq. (1). 

Assuming harmonic motion and small  ampli tude,  a f i r s t  o r d e r  p e r -  

t u rba t ion  i n  the ampli tude r e s u l t s  i n  two l i n e a r  p a r t i a l  equa t ions ,  

one f o r  t h e  s t a t i c  p r e s s u r e  and one f o r  t h e  dynamic p r e s s u r e  com- 

ponent. Each of t h e  equa t ions  contains  a s o u r c e  f e e d i n g  term bu t  

whereas t h e  sou rce  s t r e n g t h  f o r  the s t a t i c  p r e s s u r e  appears  a s  an  

independent parameter t h e  dynamic s o u r c e  s t r e n g t h  i s  a f u n c t i o n  of 

the dynamic p r e s s u r e  i t s e l f .  However, t h i s  d i f f i c u l t y  i s  e a s i l y  

circumvented making t h e  dynamic p res su re  t h e  sum of two con t r ibu t ion ;  , 
denoted G and H, such t h a t  i n  p r i n c i p l e  G i s  t h e  frequency c o n t r i b u -  

t ion and H i s  t h e  dynamic source  f eed ing  c o n t r i b u t i o n .  Hence, t h e  

t o t a l  problem i s  reduced t o  so lv ing  3 l i n e a r  p a r t i a l  d i f f e r e n t i a l  

equations: one f o r  t h e  s t a t i c  p res su re  P one f o r  G and one f o r  H. 

Of these equa t ions  t h e  one f,,r Po and t h e  one f o r  H c o n t a i n s  a sou rce  

feeding term. 

0’ 

Several methods are a v a i l a b l e  fo r  s o l v i n g  p a r t i a l  d i f f e r e n t i a l  equa t ions  
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. I t  i s  more c rude  and i n  i t s e l f  n o t  an e x a c t  s o l u t i o n  u n l e s s  used . 
t o  e s t a b l i s h  a l i m i t i n g  process .  The method i s  a d i r e c t  f i n i t e  

d i f f e rence  s o l u t i o n  of t h e  equat ions  i n c l u d i n g  t h e  flow from t h e  

source.  Covering t h e  annular  sector by a f i n i t e  d i f f e r e n c e  g r i d  

the source  flow i s  in t roduced  only a t  t h e  g r i d  p o i n t  where t h e  sou rce  

is  loca ted .  S ince  t h e  g r i d  p o i n t  r e p r e s e n t s  t h e  ne ighbor ing  area 

as given by t h e  g r i d  s i z e  (i.e. & S A C ) )  t h e  s o l u t i o n  depends on t h e  I 

g r id  s i z e .  For  t h i s  reason  t h e  g r id  s i z e  around t h e  sou rce  i s  made 

d i f f e r e n t  from t h e  o v e r a l l  g r i d  size.  

a feeder  a r e a  which i s  independent of t h e  number of mesh p o i n t s .  

s o l u t i o n ,  of  course ,  i s  then  dependent on t h e  feeder  area b u t  such  t h a t  

€or a s u f f i c i e n t l y  s m a l l  f eeder  a rea  t h e  load  i s  independent of t h i s  

a rea .  It i s  seen  t h a t  from a phys ica l  p o i n t  of  view t h e  o u t l i n e d  

method may be more r e a l i s t i c  than  the  more a c c u r a t e  mathemat ica l .  

Thus i t  i s  p o s s i b l e  t o  s p e c i f y  

The 

c 

9 

so lu t ion .  I n  t h e  a c t u a l  bea r ing  t h e  e x t e r n a l  flow e n t e r s  t h e  bea r ing  

over a f i n i t e  f eede r  a r e a  and no t  a t  a p o i n t .  Whereas the d e s c r i b e d  

f i n i t e  d i f f e r e n c e  method r e s u l t s  i n  a f i n i t e  p r e s s u r e  downstream from 

the o r i f i c e  t h e  p o i n t  source  s o l u t i o n  y i e l d s  an i n f i n i t e  p r e s s u r e  a t  

the source  such t h a t  t h e  downstream p r e s s u r e  i s  determined by t h e  

pressure  va lue  a t  a s p e c i f i e d  d i s t ance  from t h e  source .  

point  s o l u t i o n  i s  as dependent on the  f e e d e r  h o l e  r a d i u s  as i s  the 

f i n i t e  d i f f e r e n c e  method. 

Hence, t h e  

., 
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w i t h  a po in t  Source O r  i n  o t h e r  words, t o  determine t h e  c o r r e s -  

ponding Green's functj.on. 

ploying a product s o l u t i o n  and r e s u l t i n g  i n  r e l a t i v e l y  f a s t  con- 

vergent i n f i n i t e  series. 

large amount of a lgebra  w i t h  a correspondingly l a r g e  e f f o r t  of 

computer p rograming  and t h e  p o s s i b i l i t y  of numerical  e r r o r s  due 

to computer round-off i n  t h e  eva lua t ion  of t h e  series. 

;sethods of  s o l u t i o n  are based upon knowing t h e  n a t u r e  of t h e  

s ingu la r i ty  func t ion .  Thus t h e  equat ion  f o r  t h e  s t a t i c  p r e s s u r e  

p' is  Laplace 's  equat ion  where t h e  s i n g u l a r i t y  f u n c t i o n  i s  t h e  

log-function. Hence, s u b t r a c t i n g  C l o g r  (C = source  s t r e n g t h )  

One such method i s  given i n  Ref. 1 em- 

The disadvantage of  t h e  method i s  t h e  

Other  
I 

0 

from P' r e s u l t s i n  a non-s ingular  equa t ion  w i t h  a well-behaved 

var iab le  but  wi th  somewhat complex boundary cond i t ions .  This  re- 

duced equat ion i s  more amenable t o  a s o l u t i o n  than  t h e  o r i g i n a l  

equation and both a n a l y t i c a l  and numerical  s o l u t i o n s  may be  ob- 

tained. The d i f f i c u l t y  a r i s e  when n e i t h e r  t h e  s i n g u l a r i t y  f u n c t i o n  

nor the source  s t r e n g t h  i s  known which i s  t h e  c a s e  f o r  t h e  dynamic 

pressure equat ion .  The problem of  de te rmining  t h e  sou rce  s t r e n g t h  

i s  e l iminated as desc r ibed  e a r l i e r  bu t  t h e  s i n g u l a r i t y  f u n c t i o n  has  

not been e s t a b l i s h e d .  Re fe r r ing  t o  Eq. (15) i t  i s  s e e n  t h a t  t h e  

d i f f i c u l t y  arises because t h e  dynamic p r e s s u r e  i s  a f u n c t i o n  o f  t h e  

s t a t i c  p re s su re  P such t h a t  P appears  i n  a c o e f f i c i e n t  t o  t h e  

var iab le .  P v a r i e s  both r a d i a l l y  and c i r c u m f e r e n t i a l l y  and has  

a s i n g u l a r i t y .  Had P been a cons tan t  t h e  s o l u t i o n  would have been a 

Bessel func t ion  and t h e  s i n g u l a r i t y  f u n c t i o n  a Neumann f u n c t i o n  of  a 

complex v a r i a b l e ,  i . e .  logar i thmic .  Hence, i t  would be r easonab le  t o  

0 

0 0 

0 

0 

expect t h a t  t h e  a c t u a l  s i n g u l a r i t y  f u n c t i o n  i s  a l s o  loga r i thmic  b u t  

upon s u b s t i t u t i o n  i n t o  Eq. (15) t h i s  i s  no t  immediately obvious.  It 

is poss ib l e  t h a t  t h i s  ho lds  t r u e  i n  a l i m i t i n g  process  b u t  u n t i l  t h i s  

process has been worked o u t  the reduced equa t ion  o f f e r s  no  advantage 

over t h e  o r i g i n a l  equat ion . '  

Based upon t h e  preceding  cons ide ra t ions  an a l t e r n a t e  method i s  developed. 
-. 

I 



RESULTS 

The resu l t s  a s  ob ta ined  from t h e  computer program c o n t a i n  6 parameters:  

1. The r a t i o  R1/R2, where R 

2 .  The r a t i o  Rc/R2, where R 

3 .  The number of f eede r  h o l e s  N 

4 .  The r a t i o  d/Rc where d is the d iameter  of t h e  f e e d e r  ho le  

5. The flow parameter q 

i s  o u t e r ,  R i n n e r  r a d i u s  

i s  t h e  r a d i u s  of  t h e  f e e d e r  h o l e  c i rc le  
1 2 

C 

' 

6 .  The frequency number u 

For a given bear ing  geometry only  the 2 l a s t  parameters  are t r u e  v a r i a b l e s .  

The r a t i o  d/Rc may a l s o  be a parameter depending on q and u but  i t s  n a t u r e  

has not  ye t  been explored.  

To cover the  performance range 'of a given bea r ing  geometry c a l c u l a t i o n s  

for  s eve ra l  va lues  of q and U a r e  necessary.  

s t i f f n e s s  (a=O) t h e  r e s u l t s  may convenient ly  be g iven  by graphs as 

i l l u s t r a t e d  i n  p r i n c i p l e  below: 

For t h e  s t a t i c  load  and 

--- - FIG. I 
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1 

= o r i f i c e  downstream p r e s s u r e ,  p s i a ,  d i v i d e d  by 
ambient p re s su re  P 

where: 

a 
lyx- - dhl 

zp, J- a n  o r i f i c e  parameter  t o  be  determined as 
shown be 1 ow 

W = s t a t i c  load ,  lbs ,  

= s t a t i c  s t i f f n e s s ,  l b s / i n .  K s t a t i c  

C = f i l m  t h i c k n e s s ,  i nch  

The procedure f o r  c a l c u l a t i n g  the s t a t i c  load  and s t i f f n e s s  s h a l l  be  

out 1 ined: 

1. Based on t h e  feeding  h o l e  geometry select  a f e e d e r  h o l e  d iameter  

d and use  F igure  1 t o  determine Uc = (Poc- 1) / q .  

To determine q w e  have 

2 

2. 

% =  where 

v =  

c I =  

RT = 

a =  

'a - 
ps - 

- 
- 

6 N a 2 G  
--%T 

'ac 
- pS 

'a 
n 
L v i s c o s i t y ,  l b s - s e c / i n  

(gas cons t an t )  ( t o t a l  t empera ture) ,  i n  2 /sec 2 

o r i f i c e  r a d i u s ,  i nch  

ambient pressure ,  p s i a  

supply  p re s su re ,  p s i a  

m =  
0 



’E”-- 

! ,  

? 

i 

M = mass flow p e r  o r i f i c e  l b s - s e c / i n  

Y = vena c o n t r a c t a  c o e f f i c i e n t  

k = r a t i o  of s p e c i f i c  h e a t s  

Combining the  two expres s ions  f o r  q: 

I 

where f$ and V may be c a l c u l a t e d  and u 

equation may be solved f o r  t h e  o r i f i c e  p r e s s u r e  r a t i o  ( O C / V )  t o  g e t  mo 

and subsequently q. The s o l u t i o n  is  b e s t  ob ta ined  g r a p h i c a l l y .  The 

r i g h t  hand s i d e  of Eq. (2B) i s  the o r i f i c e  flow and a t y p i c a l  curve i s  

given i n  Fig.  4 ,  where t h e  vena c o n t r a c t a  c o e f f i c i e n t  has been inc luded .  

The l e f t  hand s i d e  of Eq.(2B) r e p r e s e n t s  t h e  b e a r i n g  flow. S ince  t h e  

abcissa i n  F ig .  4 is  (k)2 t h i s  flow i s  r e p r e s e n t e d  a s  a s t r a i g h t  l i n e  
1 V 

i s  determined above. Thus t h e  
P C 

with o r i g i n  i n  

curve read off 

Fig. 5 where: 

and s l o p e  V / 4 u c .  Where 

oc and m . Use the v a l u e  
V 

.p’ 
0 .  

- 
t h e  l i n e  i n t e r s e c t s  t h e  o r i f i c e  

-8- 

of Poc/V t o  o b t a i n  E from 

Calculate  q from e q u a t i o n  (1B) and c a l c u l a t e  t h e  o r i f i c e  parameter $. 

3 .  With t h e  found q va lue  r ead  off t h e  dimensionless  l oad  from F ig .  2,  

and m u l t i p l y  by n(R1 - R )P 

4 .  With t h e  found q v a l u e  r ead  off t h e  dimensionless  s t i f f n e s s  from 

Fig. 3 and m u l t i p l y  by 

s t i f f n e s s  i n  l b s / i n .  

5. The mass flow i s  ob ta ined  from: 

2 2  t o  get t h e  load W l b s .  2 a  

1 2 .(.: - R2)Pa / (1 + $uc) t o  o b t a i n  t h e  s t a t i c  

( i n  I b s / s e c  i f  & T  is inch) 

Turning t o  t h e  dynamic load  i t  i s  t h e  sum o f  two c o n t r i b u t i o n s ,  one stemm- 

ing from t h e ’ f r e q u e n c y ,  denoted AD, B and G D C 
below and one predominantly 
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from the  dynamic source  feeding ,  denoted CD,DD and €1, below. 
The d e t a i l s  a r e  given i n  t h e  a n a l y s i s  bu t  t h e  a p p l i c a t i o n  of t h e  

r e s u l t s  s h a l l  be desc r ibed  i n  t h i s  s e c t i o n .  

D' BD' Tne computer c a l c u l a t e s  t h e  dynamic load  c o n t r i b u t i o n s  A 

and DD and t h e  Source parameters G 

functions of t h e  flow parameter q and t h e  frequency number a: 
and Hc (complex numbers) as 

C 

where: o = Frequency, r a d l s e c .  

Hence, e i g h t  graphs of t h e  general  form helow a r e  needed: 

J 

Having determined q and computed U t h e  8 c o e f f i c i e n t s  may be eva lua ted .  

Then: 
k 

(5B) dimensionless  dynamic s t i f f n e s s  = tntR:-R:l 4 = A,+E,C, - FpDp 

(6B) dimensionless  damping = 

where E and F r e p r e s e n t s  t h e  o r i f i c e  c h a r a c t e r i s t i c :  D D 



- 
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The equa t ion  has been l e f t  i n  complex form because \li 
TO i l l u s t r a t e ,  l e t  t h e  volume i n  the f e e d e r  h o l e  between t h e  o r i f i c e  

and the  b e a r i n g  be V i n  . 
in t h i s  volume i s  t h e  p r e v i o u s l y  determined downstream o r i f i c e  p r e s s u r e  

may be complex. D 

3 L e t  it be assumed t h a t  t h e  gas  p r e s s u r e  
C 

(d imens ionless  w i th  respect t o  P ).  Then: a 

! 

NvC It i s  seen  t h a t  zc expresses t h e  r a t i o  between t o t a l  f e e d e r  h o l e  
C volume and t h e  volume of t h e  gas f i l m .  

the l a r g e r  i s  t h e  phase lag  between p r e s s u r e  change and flow change. 

The l a r g e r  t h i s  r a t i o  becomes, 

b .  Numerical Example 

A numerical c a l c u l a t i o n  is  performed with: 

= 1 .5  - R1 

R2 

RC 

R2 

RC 

- =  1.25 

d - = .030 

N = 1 2  

q = 15 

( 3 1  5 

The f i n i t e  d i f f e r e n c e  mesh i s  8 x 5 .  A maximum of 70 i t e r a t i o n s  a r e  

performed, n o t  enough t o  ensu re  f u l l  convergence b u t  t h e  e r r o r  i s  not 

l a r g e r  than  4 p e r c e n t .  From t h e  computer ou tput :  

U = .6525 

Xe(G,) = .0029&6 (G,,= .E122 
Re(Hc) = ,6514 I m  (Hc)= -.007389 

C 

=. 3.2845 
pOC 

W - = ,5413 2 2  
fl (R1-R2)Pa 



For dynamic s t i f f n e s s :  AD = .001472 

CD = .05708 

= 0.002546 DD 

For damping: BD = ,1340 

CD = .1660 

DD = -.007407 
I 

It i s  d e s i r e d  t o  compare t h i s  s o l u t i o n  t o  t h e  l i n e  sou rce  s o l u t i o n .  

This  i s  done f o r  s e v e r a l  p re s su re  r a t i o s  as l i s t e d  i n  Table  1. The 

c a l c u l a t i o n  procedure is: 

computer). 

$= q/Vmo and $. 

Eq. (5B) and t h e  damping from Eq. (6B). Note,  t h a t  i n  t h i s  ca se  t h e  

For given V ,  compute P /V (Pocgiven from 

C a l c u l a t e  
oc 

Enter  F igs .  4 and 5 t o  f i n d  mo and $VI%. 
Based on +-value c a l c u l a t e  dynamic s t i f f n e s s  from 

dimensionless damping has  t h e  ’ 

t o  make i t  independent of  frequency e x p l i c i t l y .  

To i l l u s t r a t e  t h e  i n t e r p r e t a t i o n  of t h e  comparison i n  Table  1 take  

V = 3.8 a s  an  example. The f i r s t  four  columns l i s t  t h e  va lues  ca l cu -  

l a t e d  from t h e  p o i n t  sou rce  s o l u t i o n  above and l e t  i t  be assumed f o r  

convenience t h a t  t hey  a c c u r a t e l y  r e p r e s e n t  t h e  a c t u a l  bear ing .  

f i v e  next  columns a re  t h e  l i n e  source s o l u t i o n  f o r  t h e  same va lues  of 

the  feeding  parameter 2. 
t h a t  would be obta ined  i f  the  l i n e  sou rce  s o l u t i o n  was used f o r  des ign-  

ing  t h e  bea r ing  w i t h  t h e  same f i lmth ickness  as f o r  t h e  sou rce  s o l u t i o n .  

For V = 3.8  a load  of .7866 atm. would be expected whereas t h e  a c t u a l  

The 

Thus they g ive  t h e  load ,  s t i f f n e s s  and flow 

bear ing  a t  t h e  same c l e a r a n c e  can only provide  .541 a t m .  

t he  flow would only be 15/23.52 5 .64 of t h e  expected flow. 

however, t h e  load  i s  f i x e d  and t h e  d e s i r e d  c l e a r a n c e  cannot  be  main- 

t a ined .  This  i s  t h e  reason  f o r  g iv ing  t h e  f o u r  nex t  columns i n  Table  1, 

l i s t i n g  t h e  l i n e  sou rce  r e s u l t s  fo r  t h e  same load  as t h e  p o i n t  sou rce  

) and a comparison between t h e  two s o l u t i o n s  

Furthermore,  

I n  p r a c t i c e ,  

on (‘1 ine-qp o i n t  s our c e 
i s  c a r r i e d  o u t  i n  t h e  l a s t  t h r e e  columns. It i s  s e e n  t h a t  t h e  a c t u a l  



c l e a r a n c e  is  only .877 of t h e  expected c l e a r a n c e ,  t h e  a c t u a l  flow 

'is .675 of t h e  expected va lue  and t h e  s t i f f n e s s  i s  reduced t o  .452 

of t h e  expected s t i f f n e s s .  

Although t h i s  t r e n d  q u a l i t a t i v e l y  seems t o  a g r e e  wi th  some of t h e  ex- 

per imental  d a t a  ob ta ined  by NASA it must be remembered t h a t  t h e  given 

po in t  sou rce  c a l c u l a t i o n  is  based on an  assumed feed ing  h o l e  d i ame te r .  

Whereas t h e  l6ad  c a l c u l a t i o n  is  r a t h e r  i n s e n s i t i v e  t o  changes i n  feed-  

ing ho le  diameter  t h i s  i s  n o t  t h e  c a s e  w i t h  t h e  o r i f i c e  downstream 

p res su re  P . Since  a l l  o t h e r  q u a n t i t i e s ,  except  l o a d ,  a r e  computed 

on b a s i s  of P . i t  i s  necessa ry  t o  perform s e v e r a l  more c a l c u l a t i o n s ,  

e v a l u a t i n g  t h e  e f f e c t  o f fked ing  hole d i ame te r ,  b e f o r e  v a l i d  conc lus ions  

can be drawn. Thus t h e  d i f f e r e n c e s  i n  r e s u l t s  i n  Table  1 are l a r g e l y  

oc 

oc 

due t o  t h e  g r e a t  d i s c r e p a n c i e s  

It may be noted t h a t  t h e  p o i n t  

ing f o r  p r e s s u r e  r a t i o s  of 5 .5  

This should n o t  n e c e s s a r i l y  be 

i n  o r i f i c e  p r e s s u r e  r a t i o .  

source s o l u t i o n  p r e d i c t s  n e g a t i v e  damp- 

and l a r g e r ,  i . e .  an u n s t a b l e  bea r ing .  

taken t o o  s e r i o u s l y  i n  t h e  p r e s e n t  ca se  

s i n c e ,  as ear l ie r  s t a t e d ,  t h e  computer r e s u l t s  f o r  A and B are ob- 

t a ined  w i t h  a 4 per  cen t  e r r o r  margin. 

e r r o r  i s  r a t h e r  s i g n i f i c a n t .  S t i l l ,  i n  p r i n c i p l e ,  t h e  computer pro-  

gram may be used t o  c a l c u l a t e  t h e  t h r e s h o l d  of i n s t a b i l i t y ,  o c c u r r i n g  

when e i t h e r  t h e  s t i f f n e s s  o r  t h e  damping t u r n s  nega t ive .  Combining t h i s  

procedure wi th  t h e  above given equat ion f o r  I) t h e  i n f l u e n c e  of f e e d e r  

hole  volume on t h e  bea r ing  s t a b i l i t y  may be a s ses sed .  

D D 
I n  c a l c u l a t i n g  t h e  damping t h i s  

D 
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i 
ANA LY S I S 

1 h 

+ = = L - h  he \ (I I I 

Fig. 7 
The thrust bearing is an annulus with inner radius R2 and outer 

radius R It is fed through N feeding holes located on the radius 
Rc. The film thickness is K. The pressure developed in the film 

is given through Reynolds equation: 

1' 

1 

1"1 
where is the density and R C & 6 i  is the flow per unit area from 
the feeding holes. To make dimensionless set: 

~ 

r 
(2) r = - 

Rc 
h h -  c P p= - 

pa r = w t  
i5 and assume isothermal conditions such that --- -GT to get: 

where: 

M WT 
(7) m = 

Frequency number 

Feeding parameter 

Pressure ratio 

Dimensionless flow 



In order t o  determine t h e  dynamic load  l e t  t h e  d imens ionless  

film th ickness  be: 
. .  

h =  I - c c i t  
i. (8) 
* 

such t h a t  t h e  motion i s  harmonic w i t h  a n g u l a r  f requency W 
amplitude &eibt). Express the p r e s s u r e  by: 

and 
2 

* 
%. 

( 9 )  P= Po+ E e i r  e I 
z 
f 

I i: 
i 
i, Assume f Lc I s o  t h a t :  
i 
i 

173 = J -  3E4 iT  

* (11) P2= P , ' + 2 ~ e i ~ P , f :  
(10) 

i. 

where 

and s u b s c r i p t  C refers t o  downstream of t h e  f e e d i n g  h o l e .  

t u t e  E q . ( 9 ) ,  ( l o ) ,  (11) and (12) i n t o  Eq. (13)  t o  get :  

S u b s t i -  
k 

Eq.  (14) and (15) a r e  t o  be  solved w i t h  t h e  boundary c o n d i t i o n s :  



Steady S t a t e  P r e s s u r e  

The s teady s t a t e  p r e s s u r e  P de r ives  from Eq. (14) .  It is conven- 

ien t  t o  make t h e  equa t ion  homogenous by in t roduc ing .  
0 

Po'- I 
s (19)  U= 

s o  t h a t  Eq. (14) becomes: 

with t h e  boundary cond i t ions ;  

t 

The equa t ion  is  so lved  by f i n i t e  d i f f e r e n c e  methods a s  shown l a t e r .  

I n  order  t o  determine P 

equating t h e  o r i f i c e  flow t o  t h e  flow through t h e  bear ing.  

mensionless o r i f i c e  flow tq, i s  a func t ion  of t h e  p r e s s u r e  r a t i o  V 

it i s  necessary t o  f i n d  9 .  This i s  done by 0 

The d i -  

and t h e  

(22) 

dimensionless  

[ 

Hence, from Eq. (19): 

, 



which may be so lved  f o r  - v 
The s o l u t i o n  may be obta ined  g r a p h i c a l l y  a s  shown below: 

and ..lo and thus determine 9 =&vtmo . 
h 4  

Fis. 8 

The dimensionless s t a t i c  load  becomes: 

where: 

Dynamic P res su re  

The dynamic p res su re  i s  P 

Eq. (15). To s o l v e  Eq. (15) i t  i s  convenient  t o  in t roduce :  

as def ined by E q .  (9)  and given through 1 

Eq.(27) may be used t o  express  (P P ) i n  terms of G and Hc: 
C 0 I C  

so that  E q .  (27)  may be w r i t t e n :  



H are determined by: 

I 

where G and H have the same boundary conditions as P 

(18). 
later. 

inEqs.(l7) and 1 
The equations are solved by finite difference methods as shown 
The dimensionless dynamic load becomes: 

where the real part of the right hand side applies. 

interpretation of Eq. ( 3 2 )  introduce the abbreviations: 
For a better 

so that Eq. ( 3 2 )  may be written: 

Since the amplitude is CEe'bf the velocity is iUCEe;("*. 
Hence, Eq. ( 3 6 )  becomes 

i 

i 
I 



. I  

* where K i s  t h e  s t i f f n e s s  and B i s  t h e  damping c o e f f i c i e n t ,  given 

i n  dimensionless  form by: 

I n  o rde r  to make the  dimerisionless damping c o e f f i c i e n t  independent 

of frequency e x p l i c i t l y  Eq, (38) can  be given t h e  a l t e r n a t e  forms: 

I t  should be noted t h a t  

t o  a change i n  t h e  downstream pressure .  

volume i s  apprec i ab le ,  o r  i f  t he re  i s  a r e c e s s ,  t h e r e  w i l l  be  a phase 

l a g  between flow and p r e s s u r e  change caus ing  t o  be complex: 

(41)  y=r \lyJ e-'q ' 

r ep resen t s  t h e  change i n  o r i f i c e  flow due 

Hence, i f  t h e  f eede r  ho le  

Theore t i ca l ly  1V)and 

a s  a func t ion  of S inuso ida l  changing downstream p r e s s u r e  Pc: 

could b e  determined by measuring t h e  flow M 

Prcsptrc F IOW 
psi& Lbrkcc t 

1 ut 
0 2K 

Fi!. 9 



Then: 

l b s  and hPc  are  p s i a  and A M  i s  - s e c .  where (RT i s  given i n  inch ,  

F i n i t e  D i f f e rence  Equations 

Eqs(20),  ( 3 0 )  and ( 3 1 )  a r e  so lved  as  f i n i t e  d i f f e r e n c e  equa t ions .  

annular  s e c t o r  i s  subdivided i n t o  m r a d i a l  increments ,  and n circum- 

f e r e n t i a l  increments.  

edge. I n  o rde r  t o  r e p r e s e n t  t h e  feeding a r e a  independent ly  of t h e  o v e r a l l  

mesh s i z e  a d d i t i o n a l  g r i d  l i n e s  a r e  provided around the  f eed ing  h o l e  such 

t h a t  t h e  f eed ing  area becomes 6*= 4t: ( f eed ing  h o l e  diameter)  . 

I 

The 

The f eed ing  hole  i s  1 increments from t h e  i n n e r  

lI 2 This  i s  z 
bes t shown by a f igu re :  

+ - -  

L e t  t h e  v a r i a b l e s  u ,  G and H be r ep resen ted  by y. 

f i n i t e  d i f f e r e n c e  equa t ion  becomes: 

Then t h e  g e n e r a l  



. 

.. I..* 

. -21- 

. This equation applies to u, G and H with the modifications: 
f Cor d-0  io e+ (43) 

1 

. 
The boundary conditions are: 

Lji,i =O 

( 4 5 )  gi,m+s=* 

%J = Y%j - 
%3,, - Yhtl,, 

Eq. ( 4 3 )  is solved numerically on a computer by iteration. The load 

integrals are evaluated by Simpsons rule: 



-2 2- 

S t a t i c  S t i f f n e s s  and Damping 

* A s  0 - 0  i t  is  seen  from Eq. (31) t h a t  H becomes real  and t h a t  

Eq. (31)  reduces t o  Eq. (20) s o  t h a t  H = u. 

va lues  of 0 G becomes p ropor t iona l  t o  (J a s  seen  from Eq. ( 3 0 ) .  

Hence, i n  t h e  l i m i t  G becomes pure ly  imaginary and is  determined 

from t h e  equat ion:  

Furthermore,  f o r  small  

Therefore ,  i n  c a l c u l a t i n g  

When \L i s  r e a l  t h e  s t a t i c  

t h e  s t i f f n e s s  only  H c o n t r i b u t e s ,  i .e .  
* 

damping becomes: 

. 

S t a b i l i t y  

Returning t o  Eq. ( 3 6 ) ,  g iv ing  the  dynamic load ,  i t  i s  shown through 

E q .  (37)  and (38) t h a t  t h e  real  pa r t  r e p r e s e n t s  t h e  s t i f f n e s s ,  t h e  

imaginary p a r t  t h e  damping. 

t r a n s l a t o r y ,  i n s t a b i l i t y  occurs  when e i t h e r  t h e  damping o r  t h e  s t i f f -  

ness i s  nega t ive .  Thus t h e  t r e sho ld  of  i n s t a b i l i t y  may be determined 

by s e t t i n g  e i t h e r  Eq. (37) o r  (38) equa l  t o  zero .  

c a l c u l a t i o n  ( i . e .  given geometry, flow parameter  q and frequency 

number a) t h e  only  v a r i a b l e  i s  + which, however, may be complex as 

explained previous ly .  

c r i t e r i a  each equa t ion  has a c t u a l l y  two unknowns. 

t o  s o l v e  each equa t ion  f o r  t h e  imaginary p a r t  of Jr 

the  r e a l  p a r t  of \Ir which i s  i n  genera l  known, be ing  given by Eq. (13) .  

Both equat ions  are  q u a d r a t i c .  

R e s t r i c t i n g  t h e  motion t o  be pu re ly  

For a p a r t i c u l a r  

S ince  Eq. (37)  and (38) a f f o r d  two independent 

It i s  convenient  

a s  a f u n c t i o n  of  



,- 

CONCLUSIONS 

1. F i n i t e  d i f f e r e n c e  c a l c u l a t i o n s  can be used t o  s o l v e  t h e  

dynamic, sou rce  f ed  t h r u s t  bearing. The primary problem i s  

t o  e s t a b l i s h  a method f o r  s e l e c t i n g  t h e  e f f e c t i v e  area over  

which t h e  gas e n t e r s  t h e  bear ing.  

2. The number of computer c a l c u l a t i o n s  can be minimized by a 

proper  choice  of v a r i a b l e s  and parameters .  

3 .  The dynamic s t i f f n e s s  and damping as w e l l  as t h e  s t a t i c  load  

can be computed f o r  t h e  source f ed  t h r u s t  bea r ing .  The t h r e s -  

ho ld  of i n s t a b i l i t y  may be eva lua ted  inc lud ing  t h e  e f f e c t  of 

f eede r  h o l e  volume. 

4 .  I n d i c a t i o n s  are t h a t  the s o l u t i o n  ag rees  wi th  t e s t  r e s u l t s  

bu t  on ly  one numerical  example has been ob ta ined  a t  p re sen t .  

The s o l u t i o n  may be used t o  eva lua te  t h e  p rev ious ly  e s t a b l i s h e d  

l i n e  sou rce  s o l u t i o n .  One such comparison is  given.  
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RECOMMENDATIONS 

1. Compare the solution to experimental data to check the 

validity of the analysis and to evaluate the effective 

feeder hole area. 
! 
I 

2 .  Upon completion of item 1, perform enough 
to be able to make general design charts. 

i 
ca 1 cu 1 at ions 

3 .  Extend the method to the externally pressurized journal 

bearing. I 
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APPENDIX 

IBM 1620 Computer Program PIhL 38: S t a t i c  and Dynamic S t i f f n e s s  
of Source Fed Thrus t  Bear ing  

The i n p u t  form i s  given on page 3 4 .  

f o r  p repa r ing  t h e  inpu t .  

Below fol low the  i n s t r u c t i o n s  

Card 1 

Text Col. 2-52. This  ca rd  i s  used f o r  i d e n t i f i c a t i o n  of t h e  c a l c u l a t i o n .  

Card 2 

FORMAT 8 (1x14) 

Word 1 gives  t h e  number, m,  of r a d i a l  subdiv is ionsused  i n  t h e  f i n i t e  

d i f f e r e n c e  c a l c u l a t i o n ,  see Fig .  10.  page 20 . Hence , , the  r a d i a l  i n -  

. crement becomes Ar = 

adds two a d d i t i o n a l  subd iv i s ions  au tomat i ca l ly  t o  account f o r  t h e  

a c t u a l  feeding  h o l e  dimension. These two subd iv i s ions  should n o t  be 

(R -R ) / m .  Around t h e  feeding  ho le  t h e  program 1 2  

inc luded  i n  m. m must n o t  exceed 25. 

Word 2 g ives  t h e  number, n ,  of c i r c u m f e r e n t i a l  subd iv i s ions  of t h e  

ang le  I C / N  f o r  use  i n  t h e  f i n i t e  d i f f e r e n c e  c a l c u l a t i o n ,  see F ig .  10,  

page 2 0 .  The c i r c u m f e r e n t i a l  increment thus  becomes A0 = (IC/N)/n. 

Around t h e  feeding  ho le  t h e  program a u t o m a t i c a l l y  adds a subd iv i s ion  

t o  account  f o r  t h e  a c t u a l  feeding  hole  dimension. This  subd iv i s ion  should 

no t  be inc luded  i n  t h e  count  f o r  n. n must n o t  exceed 13.  

Word 3 gives  t h e  d i s t a n c e  from t h e  i n n e r  r a d i u s  t o  t h e  feeding  h o l e  as 

a number of r a d i a l  s u b d i v i s i o n  Ar.  Hence, t h e  l i m i t s  f o r  t h e  word a r e  

1s word 3 5 ( m - 1 ) .  

added by t h e  program au tomat i ca l ly .  Word 3 def ines  t h e  r a d i u s  of t h e  feed-  

i n g  h o l e  c i r c l e  R : 

A s  be fo re ,  word 3 does n o t  i nc lude  t h e  sub-subdiv is ions  

C 

i 

i 



The program opera tes  on dimensionless q u a n t i t i e s  such t h a t  a l l  

r a d i a l  dimensions a re  made dimensionless wi th  respect:  t o  R . 
R / R  

With 
C 

given as i n p u t  t h e  program uses i n t e r n a l l y ;  1 2  

Word 4 gives t h e  t o t a l  number N o f  feeding holes  p e r  360'. Since 

there  i s  symmetry around a l l  r a d i a l  l i n e s  through t h e  feeding  holes  

and a l l  r a d i a l  l ines  h a l f  way ,atween feeding  ho le s  i t  i s  only 

necessary t o  c a l c u l a t e  t h e  p re s su re  d i s t r i b u t i o n  f o r  a r a d i a l  s e c t o r  

between two such r a d i a l  l i n e s .  Therefore ,  t he  s e c t o r  extends over 

an angle  n / N ,  see Fig .  10, page 20. 

Word 5 

l i s t  below. 
NQ i s  the  number of flow parameters q given i n  the  inpu t  

NQ may n o t  exceed 50. I f  NQ=O t h e  program only  computes 
3 

I h. - _  
I ,,--- . , 

i- - - ,. - - ,  rc,, se: -=-, .-Q" . ,C ~ arcri ~ c p =  C- ILS L~.T.LGX 2 i-.+>--; I 

:.& C i  L l ~ d i  C L  case ihe p l i s r  is n o t  ~ s e 3  an6 should therefore be exclu5ed 
i? 

by s e t t i n g  NSIG=O. 

T T  A .  ,.- ... i 6 

below. NSIG may no t  exceed 25. I f  NSIG=O no a - l i s t  can be given. Hence, 

t he  program only c a l c u l a t e s  t he  s t a t i c  load based on t h e  q - l i s t .  

t h a t  i n  t h i s  ca se  only one pressure  computation i s  performed by i t e r a -  

t i o n ,  i . e .  f o r  c a l c u l a t i n g  u. 

N S I G  is t h e  x z h e r  of freqsency c .de r s  ii given  in t he  i n p u t  list 

Note, 

Word 7 gives  t h e  maximum a l lowable  number of i t e r a t i o n s  p e r  c a l c u l a t i o n .  

I f  t h e  c a l c u l a t i o n  has n o t  converged a f t e r  t h e  s p e c i f i e d  number of i t e r a -  

t i o n s  t h e  program p r i n t s  out  t h e  r e s u l t s  and proceeds as i f  convergence 

had been achieved.  

-27 - 

! 

i 

t 



Card 3 

FORMAT 5 (1xE13.6) 

Word 1 gives  t h e  r a t i o  R /R of t h e  ou te r  r a d i u s  t o  t h e  i n n e r  r a d i u s .  
1 2  , 

Word 2 g ives  t h e  r a t i o  d/Rc of t h e  feeding h o l e  diameter  t o  t h e  r a d i u s  

of t h e  feeding  h o l e  c i rc le .  Note t h a t  R i s  g iven  i n d i r e c t l y  through 

word 3 ,  ca rd  2 .  The p.rogram uses  d/R t o  c a l c u l a t e  t h e  a r e a  over  which 

the  e x t e r n a l  flow enters  t h e  bear ing .  The program r e p l a c e s  t h i s  a c t u a l  

c i r c u l a r  a r e a  by a squa re  of t h e  same areas with s i d e s  6 ,  i .e.  

C 

C 

Then t h e  program adds two r a d i a l  sub-subdiv is ions ,  each of s i z e  6 ,  and 

one c i r c u m f e r e n t i a l  sub - subd iv i s ion , s i ze  6 ,  around t h e  feeding  ho le  as 

shown on Fig.  10,  page 20. It is necessary t h a t  6 be less than  both  Ar 

and A0, i . e .  

I f  t h i s  i s  no t  t h e  c a s e  a d j u s t  m and n accord ingly .  

Word 3 g ives  t h e  r e l a t i v e  convergence l i m i t  6 f o r  t h e  f i n i t e  d i f f e r e n c e  

c a l c u l a t i o n .  L e t  t h e  var iable  be denoted y a s  i n  Eq. ( 4 3 ) ,  page 20 . 
A f t e r  t h e  d t h  i t e r a t i o n  t h e  program c a l c u l a t e s :  

R 
iJ . 

Relative convergence i s  achieved when 5 0. Note, t h a t  f o r  y complex 

only t h e  r e a l  p a r t  i s  used i n  forming +. A t y p i c a l  va lue  i s  6 = ,001. R 

i 

, 



Word 4 gives  t h e  a b s o l u t e  convergence l i m i t  6. f o r  t h e  f i n i t e  d i f f e r e n c e  

. c a l c u l a t i o n .  L e t  t h e  v a r i a b l e  be denoted . .  
i t e r a t i o n  t h e  program computes: 

Based on t h i s  va lue  and t h e  two preceding 

t r a p o l a t e d  sum i s  determined: 

The program computes: 

( 1 0 A )  

n 
as above. A f t e r  t h e  k ' t h  Y i j .  

ones an  exponen t i a l ly .  ex- 

- 

Absolute  convergence i s  achieved when A 50. The e x t r a p o l a t e d  sum cannot  A 
1 be c a l c u l a t e d  u n l e s s ' 3  consecut ive  va lues  of  zk are  a v a i l a b l e .  Also 1: 

cannot be  determined un le s s  t h e  

wi th  dec reas ing  s lope .  

xk-sequence  i s  monotonely i n c r e a s i n g  

I f  t h e s e  condi t ions  a r e  no t  s a t i s f i e d  t h e  Dro- L - -  

gram sets  a r b i t r a r i l y  xt= 10 38 and A, = 1. For  f u r t h e r  d e t a i l s  see 
Ref. 2 .  A t y p i c a l  va lue  i s  R ,  = ,001 t o  .005. 

It should be noted  t h a t  t h e  number of i t e r a t i o n s  f o r  convergence i n -  

c r eases  r a p i d l y  wi th  dec reas ing  6*. 

as  p o s s i b l e  c o n s i s t e n t  w i th  t h e  des i r ed  accuracy.  

gene ra l  a b s o l u t e  convergence i s  more d i f f i c u l t  t o  o b t a i n  than  re la t ive  

convergence. 

Hence, 6 should be made a s  l a r g e  A 
Also no te  t h a t  i n  

Word 5 g ives  t h e  l i m i t  6 

i t e r a t i o n  t h e  e x t r a p o l a t e d  sum i s  c a l c u l a t e d  from Eq. (9A) above. 

When t h e  sequence of 

f o r  i t e r a t i o n  e x t r p o l a t i o n .  A f t e r  the  k ' t h  x 

1;- values  i s  monotonely i n c r e a s i n g  such t h a t :  

k-1 



(k) t h e n  t h e  c a l c u i a t e d  yi,. d i s t r i b u t i o n  i s  m u l t i p l i e d  by '?EM t o  speed  
n - up t h e  convergence of  t h e  i t e r a t i o n s .  Hence, 6 de termines  how "smooth" 

X 

must b e  b e f o r e  e x t r a p o l a t i o n  i s  performed. A t y p i c a l  v a l u e  i s  

Ex = 0.005. 

LIST OF FLOW PARAMETERS q 

FORMAT 5 (1XE13.6) 

(on ly  if N Q + O )  

Up t o  10 c a r d s  w i t h  5 q-va lues  p e r  c a r d  may b e  g iven .  

o f  q-va lues  i s  g i v e n  by NQ,  c a r d  2. q i s  che d i m e n s i o n l e s s  f low * 

2s g i v e n  by Eq. (16) and determined as shown by F i g .  2 .  The a c t u a l  

t o t a l  b e a r i n g  mass flow M is :  

(=A)  h= bP@T sec 

The t o t a l  number 

0 

7r k2C3 l!lL 
1 

( when lbs  - i n  
l b s  @ T  i s  

LIST OF-FREQUENCY NUMBERS 0 

FORMAT 5 ' (1XE13 .6 )  

(pnly if NSTC + Q >  

Up 20 5 c2rds w i t h  5 c-values per card may be given. The t o t a l  number 
- -  .I I L .,,.-,r :: ?,: ,tt. 4,'9 2$:!+, 4-c t': L . 1. : -. i ,.... +.'.A+" 2 +A,'--".\.-.'../ 

a s  g i v e n  through Eq. ( 4 ) ,  page.14 . 



OUTPUT 

The output first: l i ~ ; c ~  t l i c :  inpiit ~ ~ I ~ ~ I J ~ G ,  : ; = , * I  ~ t q l l ~ t w ~  d / j u t  t t r  t / , t .  

convergence of t h e  u - c a l c u l a t i o n ,  given i n  6 columns. The f i r s t  

column g i v e s  t h e  i t e r a t i o n  number. The column "REL.CON" g i v e s  t h e  

r e l a t i v e  convergence e r r o r  +, Eq. (7A). 

t h e  a b s o l u t e  convergence e r r o r  A Eq. (10A). Note,  t h a t  b o t h  

and a, must b e  z e r o  o r  n e g a t i v e  f o r  convergence.  The column "SUM" 

i s  t h e  summation of  t h e  v a r i a b l e  over t h e  complete  f i e l d ,  Eq.(8A). 

The column "EXT.SUM" i s  t h e  e x p o n e n t i a l l y  e x t r a p o l a t e d  sum, Eq.(9A). 

The l a s t  column "COUNT" g i v e s  t h e  number of  i t e r a t i o n s  a f t e r  t h e  l a s t  

f i e l d  escra?olacLar.. T h e r e a f t e r  t h e  u - d i s t r i b u t i o n  i s  l i s t e d ,  l a b e l e d  

" ( P 0 ~ 9 2 - 1 ) / Q  DISTRIBUTION!' i s  a l s o  

g i v e n  i n  t h e  heading .  

c o n v e n t i o n  i s  used: 

The column "ABS.CON" g i v e s  

A '  

The v a l u e  o f  u a t  t h e  o r i f i c e ,  u 
C '  

I n  l i s t i n g  t h e  u - d i s t r i b u t i o n  t h e  f o l l o w i n g  

. 
Inner f?adiu 

I 

I Orif ice r l  
' 6  

1 
O u t e r  R a d i w  ' I  

I 
I 
I I Outer 

Next follows t h e  f i r s t  q - c a l c u l a t i o n .  The s t a t i c  p r e s s u r e  d i s t r i b u t i o n  

( P o - l )  i s  g i v e n  and t h e  d imens ionless  s t a t i c  load:  

i 

k 

i 



A f t e r  t h i s  t h e  program c a l c u l a t e s  G and H f o r  each frequency number 

d .  
t he  G/Po-d i s t r ibu t ion ,  both real and imaginary p a r t  given.  

t h e  d i s t r i b u t i o n  i s  G/P 

gives  G i t s e l f  a t  t h e  o r i f i c e ,  i . e .  Gc. 

by the  va lue  of t h e  i n t e g r a t e d  d i s t r i b u t i o n  wi th  the  l abe l s :  

The 6 - c a l c u l a t i o n  comes f i r s t  wi th  an  i t e r a t i o n  l i s t  followed by 
- P  Note, t h a t  

no t  G ,  whereas "RE(G) -0RIF" and "IM(G)  -ORIF" 

Each d i s t r i b u t i o n  i s  followed 
0' 

(Eq. (37))  
K 
2 2  "STIFFNESS" use  i n  c a l c u l a t i n g  

1 fi(R1-R2)Pa 
C 

CIR (R I3  1 1  

(Eq (39) )  
B "DAMPING 1 l1  u se  i n  c a l c u l a t i n g  

C 

B 61TMo 

pa 4 2 
"DAMPING 2" use  i n  c a l c u l a t i n g  

The output  f o r  t he  H-ca lcu la t ion  i s  completely analogous t o  t h e  

G-ca lcu la t ion .  For each frequency number a G and an H c a l c u l a t i o n  

i s  g iven  a s  descr ibed  above. When a l l  frequency numbers have been 

used the  next  q - c a l c u l a t i o n  s t a r t s ,  g iv ing  f i r s t  t h e  s t a t i c  p res su re  

and t h e  s t a t i c  load.  Then each frequency number i s  repea ted  as 

descr ibed  above. 

Program Opera t ion  

The program i s  w r i t t e n  f o r  the  IBM 1620 computer w i th  60 ,000-b i t  

s t o r a g e .  It i s  w r i t t e n  i n  FORTRAN I and the  program deck does not  

i nc lude  subrou t ines .  Inpu t  and output a r e  on ca rds .  

To g ive  an idea  about t h e  computing t i m e  i t  took 90 minutes t o  run t h e  

c a l c u l a t i o n  f o r  t h e  included numerical example. The f i e l d  i s  8 ' 5  

and 3 d i s t r i b u t i o n s  are  ca l cu la t ed ,  each wi th  70 i t e r a t i o n s .  S ince  

the  a c t u a l  f i e l d  i s  (8+1)*(5+2)=63, t h i s  means 1 . 2  seconds p e r  p o i n t .  

Herice, f o r  t h e  same des i r ed  absolu te  convergence l i m i t  of .5 p e r  cen t  

t h e  t i m e  may be es t imated  from: 

. 

i 



Note t h a t  t he  number of i t e r a t i o n s  f o r  convergence inc reases  

r o u g h l y  l i n e a r l y  wi th  t h e  mesh s i z e ,  being about 70 i t e r a t i o n s  

f o r  6 3  po in t s .  However, t he  magnitude of t h e  feeding  ho le  

diameter a l s o  in f luences  t h e  number of i t e r a t i o n s .  

. 
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JNPUT FOR IJ3M 1620 COMPUTER PROGRAM 
PN0138: Static and Dynamic Stiffness of Source Fed Thrust Bearinn 

. .  
Card 1 Text, Col.  2-52 

Card 2 FORMAT 8 (1x14) 

1. m: Number of radial subdivisions (m 5 25) 
2. n: Number of circumferential subdivisions, (n< 13) 

3. Number of subdivisions from inner radius to feeding , 

4.  

5. 

6 .  NSIG: Number of frequency number values,Gininput list (NSIG 5 25) 
7 .  Maximum allowable number of iterations 

8. If 0: more input follows. If 1: last set of input 

hole. 1 5 item 5 (m-1) 
N: Number of feeding holes per 360' 

NQ: Number of flow parameter values,q,i,ninput list (NQ 5 501 

. Card 3 FORMAT 5 - (1XE13 .6 )  

1. R1/R2: Ratio of outer to inner radius 

2. d/Rc: 

3. ?jR: Relative convergence limit 

4. ?jA: Absolute convergence limit 

5. €jX: 

Ratio of feeding hole diameter to radius of 
orifice circle 

Limit for extrapolation criterion 

List of Flow Parameters: q FORMAT 5 * (1XE13.6) Only when NQ>_ 1 

List of Frequency I.dmber:d FORMAT 5 (1XE13.6) only when NSIG>_ 1 

! 
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NOMENCLATURE 
0 - a - 
\ t 

A B C D =  D 9  D'  D '  D 

c 

J 

O r i f i c e  r a d i u s ,  i n c h  

Dynamic l o a d  components, see E q s .  (33) and ( 3 4 )  

Damping c o e f f i c i e n t s ,  l b s - s e c / i n .  

Clearance ,  i n c h  

Feeder  h o l e  d iameter ,  i n c h  

Dynamic o r i f i c e  p a r a m e t e r s ,  see Eq. (35) 

Dynamic p r e s s u r e  components, see Eq.(27) 

Values of G and H a t  o r i f i c e  

Fi lm t h i c k n e s s  d i v i d e d  by c l e a r a n c e  

F i n i t e  d i f f e r e n c e  c o o r d i n a t e s ,  F i g .  10 

S t i f f n e s s ,  l b s / i n .  

R a t i o  of s p e c i f i c  h e a t s  

Number of s u b d i v i s i o n s  from i n n e r  r a d i u s  t o  o r i f i c e  

Mass flow through one o r i f i c e ,  l b s - s e c / i n .  

T o t a l  b e a r i n g  mass  f l m ,  l b s - s e c / i n .  

Dimensionless  o r i f i c e  mass f low,  see Eqs.(7) and (22) 

Dimensionless  o r i f i c e  mass f low under  s t a t i c  c o n d i t i o n s  

Number of  r a d i a l  s u b d i v i s i o n s  

Number of c i r c u m f e r e n t i a l  s u b d i v i s i o n s  

Number of f e e d e r  h o l e s  p e r  360' 

Ambient p r e s s u r e ,  p s i a  

Supply p r e s s u r e ,  p s i a  

Fi lm p r e s s u r e  d i v i d e d  by P 

Dimensionless  f i l m  p r e s s u r e  under  s t a t i c  c o n d i t i o n s  

a 
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Dimensionless downstream o r i f i c e  p re s su re ,  s t a t i c  cond i t ions  

Dimensionless dynamic p res su re  

= %Vmo, flow parameter 

Outer r ad ius  of t h r u s t  bea r ing ,  inch .  

Inne r  r ad ius  of t h r u s t  bea r ing ,  inch  

Radius of feeder  ho le  c i r c l e ,  inch  

Radial  coord ina te  d iv ided  by Rc 

(Gas cons t an t )  (To ta l  t empera ture) ,  i n  2 / s ec  2 . 
Time, s ec .  

2 = (P - l ) / q ,  dimensionless s t a t i c  p r e s s u r e  

Value of u a t  o r i f i c e  

= Ps/Pa , pres su re  r a t i o  

0 

Volume of feeder  ho le ,  i n  3 

Load, l b s .  

Dynamic load ,  l b s .  

Rc/R2 

Radial  and c i r cumfe ren t i a l  subd iv i s ion  

Er ro r  i n  abso lu t e  covergence 

E r r o r  i n  r e l a t i v e  convergence 

Subdiv is ion  around feeder  ho le  

Absolute  convergence l i m i t  

R e l a t i v e  convergence l i m i t  

L i m i t  f o r  e x t r a p o l a t i o n  

V i b r a t i o n  amplitude d iv ided  by c l ea rance  

R L / R C  

Angular coord ina te ,  rad .  

. 
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Q 
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C 
* * , ,  

- - Viscos i ty ,  l b s - s e c / i n  2 

- - 

- - Density , l b s  -sec / i n  

O r i f i c e  vena con t r ac t a  c o e f f i c i e n t  

2 4  

- - =(12w/Pa)  * (-), 2 frequency number C 

- - =ut , dimensionless time 

V 
- - = - (At/2pOc) - am/a(-), pc o r i f i c e  flow c o e f f i c i e n t  

- - Frequency, r ad l sec .  

t 


